Three experiments were conducted to evaluate negative feedback action of estradiol-17~ (E2) on luteinizing hormone (LH) release in ovariectomized heifers and to determine the response at different ages. In the first experiment, iv injections of .2 or 2.0/~g E2/kg body weight (BW) reduced serum concentrations of LH by arresting episodic mode of secretion. Results of a second experiment indicated a positive relationship (P<.05) between dose of E2 and duration of LH suppression. Mean duration of suppression with the high (2.0/~g E2/kg BW), medium (2 #g E2/kg BW) and low (.1 /~g E2/kg BW) doses was 6.5, 4.5 and 3.5 h, respectively. Neither magnitude nor rate of LH suppression was related (P>.25) to dose in the first two experiments. Results of third experiment showed that both magnitude and duration of suppression were directly proportional to dose of E2 (0, .1 and 1.0 #g E:/kg BW). The response lasted longer in heifers 4 mo of age than in heifers 8 and 12 mo of age. E2 was also more effective in reducing LH pulses in heifers 4 mo of age than in heifers 8 and 12 mo of age. These results show that E2 inhibits LH release by influencing pulsatile mode of secretion, and that the threshold to negative feedback increases as heifers approach puberty.
Introduction
Serum concentrations of luteinizing hormone (LH) in cattle increase after ovariectomy (Hobson and Hansel, 1972) . This response is presumably due to removal of feedback inhibition by ovarian steroids, because Beck et al. (1976) demonstrated that implants of either estradiol-17/3 (E2) or progesterone diminished the postcastration increase in serum concentrations of LH. They also showed that only a combination of E2 and progesterone suppressed LH concentrations to levels characteristic of intact heifers, indicating that in postpubertal heifers, E2 and progesterone act synergistically to inhibit LH release. Odell et al. (1970) observed a postcastration rise in LH concentrations in 1-mo-old heifers and suggested that a negative feedback system was operative before puberty. It appeared that estrogen was the major component of negative feedback in prepubertal heifers, because progesterone was nondetectable until late in the prepubertal period (Gonzalez-Padilla et al., 1975) . Other reports have shown that the response to E2 negative feedback decreased in rats (Steele and Weisz, 1974) , sheep (Foster and Ryan, 1979) and humans (Faiman and Winter, 1974) before the onset of puberty. Ramirez and McCann (1963) suggested that the decreased response to negative feedback allowed concentrations of gonadotropins to rise and stimulate follicle growth to the preovulatory stage. 325 JOURNAL OF ANIMAL SCIENCE, Vol. 54, No. 2, 1982 Although previous studies established that E2 suppressed mean LH concentrations in postpubertal heifers, there is no information describing the way in which this steroid regulates LH secretion before puberty. Therefore, we conducted several experiments to study the influence of E2 on LH release. Since LH is released in an episodic manner in the female bovine (Rahe et al., 1980) , E2 might influence LH release by changing amplitude or frequency of Lit pulses. The first two experiments examined the influence of E2 on patterns of LH release and the dose-response relationship between E2 and LIt concentrations. The third experiment was conducted to determine whether threshold to negative feedback increased as heifers approached puberty.
Materials and Methods
Exp. I. Six Angus heifers were ovariectomized at 8 mo of age for use in two experiments. The first experiment was conducted 4 mo after surgery, when animals weighed approximately 280 kg (range, 240 to 310 kg). Each animal was its own control in a switchback design with three treatment periods (table 1; Lucas, 1956) . During treatment periods, each heifer received an iv injection of .2 or 2.0 ~g E2/kg body weight (BW) s or vehicle (85:15 propylene glycol: .9% NaCI). Animals were fitted with indwelling jugular cannulas 6 (60 cm penetration) and tethered while blood was collected. They were allowed to adjust to these conditions for approximately 1 h before bleeding began. Ten-milliliter blood samples were taken at 15-min intervals between 0800 and 1600 h. At 1200 h, treatments were administered via the jugular vein contralateral to the cannula. Blood samples were allowed to clot at room temperature, and serum was stored at -20 C before being analyzed by radioimmunoassay. Serum concentrations of LH were determined in all samples. Estrogen was estimated in samples taken between 30 min before and 45 min after injection.
Average preinjection and postinjection concentrations of LH were subjected to analysis of variance (Lucas, 1956 ) to determine whether there was a relationship between dose of E2 and magnitude of suppression in serum concens Calbiochem, LaJolla, CA, Lot 801185.
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trations of Ltl. Postinjection data were fitted to the second degree polynomial for a description of the change in LH concentrations after injections. Intercepts and regression coefficients were then subjected to analysis of variance. When a significant treatment effect was present, Duncan's new multiple range test (Snedecor and Cochran, 1976 ) was used to detect differences between treatment means. Power spectrum analysis was employed to detect rhythms in concentrations of LH (Diekman and Malven, 1973; Riggs and Malven, 1974) . The major frequency component for each time series of LH was classified as nonrhythmic, rhythmic or extremely rhythmic, as described by Coppings and Malven (1975) . Pulses of LH were identified by the following method. The mean within-assay standard deviation for serum samples containing 1.3 to 18.4 ng LH/ml was calculated (SD = .43 ng/ml). Elevations in concentrations of LH within each sampling period were defined as LH pulses if apexes were two within-assay standard deviations greater than the concentrations of LH at the point marking the beginning of the rise. Linear regression coefficients of log (E2 concentration) vs time after injection were calculated to provide estimates of the disappearance rates of exogenous E 2 .
Exp. 2. A second experiment was conducted to determine the relationship between dose of E2 and duration of LIt suppression. Five months after the first experiment, the same six heifers were randomly assigned to three treatment groups. Treatments consisted of an iv injection of .1, .2 or 2.0 ~g E2/kg BW. Mean BW of the heifers was 365 kg (range, 347 to 389 kg). Blood was sampled via jugular cannula from a vein contralateral to the site of injection at 30-min intervals between 0900 and 2300 h. All samples were processed as described previously. Suppression of LH concentrations was defined as the time when LH .concentrations were below mean preinjection concentrations minus one standard deviation. Mean preinjection concentrations of LH, magnitude of suppression, duration of suppression and postsuppression concentrations of LH were analyzed by analysis of variance, with orthogonal contrasts used to detect significant effects of treatment. In addition, linear regression analysis was performed to determine whether there was a significant relationship between log dose of E2 and LH response. Postinjection data of each animal were fitted to second degree polynominals and regression coefficients were compared by analyses of variance. Pulses of LH were defined by the previously described method.
Exp. 3. The third experiment examined the dose-response relationship between E2 and LH concentrations in Angus X Holstein heifers at 4, 8 and 12 mo Of age. Six animals of each age were ovariectomized 2 wk before the beginning of the experiment. None of the 4-or 8-mo-old heifers had exhibited estrus before surgery, and at the time of surgery, none of the ovaries from these animals had corpora lutea. All of the 12-mo-old heifers had exhibited at least one estrus and each animal had a corpus luteum at the time of surgery. Treatments consisted of iv injections of vehicle (85:15 propylene glycol: .9% NaC1), .1 /ag E2/kg BW and 1.0 big E2/kg BW. Mean -+ SE BW at the beginning of the experiment were 110.2 -+ 5.6, 225.8 + 13.0 and 343.3 -+ 14.6 kg for the 4-, 8-and 12-too-old groups. Each animal was given all treatments in a Latin square design. Treatment periods were spaced by 2-wk intervals. Treatments were administered at 1100 h and blood was sampled from a jugular cannula at 30-rain intervals between 0900 and 2300 h. Additional samples were taken every 15 min between 1100 and 1200 h. Serum concentrations of LH were measured in all samples taken at 30-rain intervals, while serum concentrations of estrogen were determined in all samples taken every 15 rain and in samples taken 30 rain pre-and 90 min postinjection. To determine the influences of treatment period (time after ovariectomy), age of heifers and dose of E2 on concentrations of LH, analyses of variance were performed with data from each sampling time. The LH data were subjected to log transformation prior to analyses of variance to correct for heterogeneity of variances. Linear regression coefficients of log E2 concentrations vs postinjection time were calculated for each animal given E2 and were subjected to analysis of variance. Pulses of LH were defined as in Exp. 1 and 2. Analyses of variance were ;conducted to determine effects of age and dose of E2 on number of hours without LH pulses, consecutive hours without pulses and frequency of pulses after nonpulse periods.
Radioimmunoassays. Serum concentrations of LH were determined by the double antibody radioimmunoassay (RIA) developed by Niswender et' al. (1969) . Concentrations of hormone were expressed in terms of N1H-LH-B10 standard. Initial dilution of first antibody (Niswender B225) fimit of detection at this rate was .5 ng LH/ml. All serum samples from a single experiment were analyzed in the same ~__~y. The withinassay coefficient of variation was 7.7%.
A double antibody RIA which involved the use of ~s i-labeled E2-17/~ was used to quantify serum concentrations of estrogen. Details of this procedure are described in the appendix of this manuscript.
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Exp.
I. The pulsatile mode of LH release ~_ w~r observed throughout control sampling z periods and during preinjection portions of the experimental periods (figure 1). Whenever ,~ release of LH was episodic, patterns were categorized as either rhythmic or extremely ~, rhythmic according to the classification of o Coppings and Malven (1975) . The mean length of these rhythms was 41.9 rain. a~ iThe effect of E2 on LH release is summarized in tables 2 and 3. Preinjection concentrations of LH were similar for the three groups (P>.05). 8 However, injection of either dose of E2 caused :~ serum LH to decrease to concentrations lower (P<.01) than those of controls (table 2) . This decrease was accompanied by the termination of episodic LH release. There were no detectable m rhythms in LH concentrations following injection of E2. Furthermore, the number of ~ LH pulses was reduced by E2 (table 3) . Suppression of LH concentrations was apparent Z within 30 to 45 rain of E2 injection. Rapidity of response appeared to be related to the time of E2 injection relative to a pulse of LH. ,~ Responses were most rapid in cases when Ea O was injected during an LH pulse (figure 1; center panel). When the steroid was administered before a pulse (figure 1; top panel), responses were delayed until the pulse was completed 9 Ea was administered before an LH pulse to three ~. out of six animals in the group given .2 /ag E2/kg and to four out of six animals in the 2.0 #g E~/kg treatment group. In the other cases, oi E2 was administered during a pulse. Comparison m of changes in LH levels indicated that there was no significant difference in the magnitude of suppression between the two groups receiving E2 Both doses caused LH concentrations to decrease at similar rates (table 2) . In each case, concentrations of LH reached a minimum within 3 h. The positive rate of change in the control group was due to a gradual increase in a0800 to 1200 h = preinjection period; 1200 to 1600 h = postinjection period. b'CMeans within a column with different superscripts differ (P<.05).
LH concentrations throughout control treatment periods (figure 1).
Although the higher dose of E2 produced greater serum concentrations of estrogen (figure 2) disappearance rates were similar for the groups receiving .2/~g E2/kg and 2.0/~g E2/kg (-.02 -+ .002 and -.02 + .001 log pg/min, respectively). Intercepts for these relationships were 2.5 -+ .16 and 3.4 -+ .14 log pg, respectively.
Exp. 2. Neither magnitude nor rate of LH suppression was proportional to the doses of E: used in Exp. 2 (table 4; figure 3). Analysis of variance revealed a significant effect of treatment on duration of LH suppression (table  4) . The highest dose of E2 suppressed LH longer than the medium and low doses. In addition, the relationship between log dose and duration of suppression was linear (duration of suppression = 2.93 log dose of E2 + 5.60; P<.25).
Second degree polynomials were fitted to postinjection concentrations of LH (table 4) . The curve describing changes in concentrations of LH in heifers receiving .1/ag Ez/kg BW was different from the curves for animals receiving the higher doses. Concentrations of LH in the latter groups decreased linearly during the first 2 h after E2 treatment, but increased exponentially thereafter. The response curve for heifers receiving .1/~g E2/kg BW described only an increase in LH concentrations following treatment. This was due to short periods of suppression in these animals.
All animals exhibited one or two pulses of LH during the preinjection periods (figure 3). Mean (+ SE) amplitudes of these pulses were 7.9 + .6, 6.6 + 1.9 and 6.2 -+ .9 ng/ml for heifers given .1, .2 and 2.0 jag E2/kg. One animal in each group had pulses of LH at the end of the suppression period, but the amplitude of these pulses was less than that of pulses during the preinjection period (4.7, 3.7 and 4.3 ng/ml for .1, .2 and 2.0/ag E2/kg BW, respectively). All animals had LH pulses following suppression. The amplitude of these pulses was greater than that of preinjection pulses (mean -+ figure 7 . There were no significant effects of age on pretreatJnent concentrations of estrogen. However, concentrations of estrogen were directly proportional to dose of E 2 at all postinjection times (P<.01). Postinjection concentrations of estrogen in E2-treated heifers were proportional to age, but those effects were not significant (P>.25). Linear regression coefficients describing disappearance of injected Es were similar for all ages and treatment groups (P>.25). 
Discussion
Suppression of LH concentrations by E2 lasted" longer in ,l-too-old heifers than in 8-and 12-mo-old heifers (figure 4, 5 and 6). In addition, the effectiveness of E2 in reducing numbers of LH pulses was inversely proportional to age (table 5), indicating that negative feedback response decreased before the onset of puberty. Similar results were observed in female rats (Ramirez and McCann, 1963 ; Steele and Weisz, 1974) , ewe lambs (Foster and Ryan, 1979) and girls (Faiman and Winter, 1974) . The mechanism is not known, but it may be related to uptake of E2 by target cells of the hypothalamicpituitary axis, because hypothalamic uptake of radioactive E2 is greater in prepubertal rats than adult rats (Kato et al., 1971) . Ferguson and KatzeneUenbogen (1977) found a high correlation between the length of time that estrogen occupied its receptor and biological activity.
In a study with rats, Ramirez and McCann (1963) proposed that increased threshold to negative feedback allowed concentrations of gonadotropins to rise and stimulate folliculogenesis and steroidogenesis to preovulatory stages. However, Ramaley (1979) suggested that failure to detect a rise in FSH and LH concentrations before the onset of puberty indicated that this may not be an appropriate explanation for puberty onset in rats. It is possible that blood sampling in rats has not been frequent enough to detect changes in secretory profiles of LH. Ryan and Foster (1980) subjectively identified a "subtle" rise in serum concentrations of LH in lambs 24 to 36 h before the onset of puberty. This increase was not detected in samples taken at intervals greater than 4 h. Swanson et al. (1972) reported an increase in serum concentrations of LH in Holstein heifers during the 110 d preceding first ovulation. However, Gonzalez-Padilla et al. (1975) did not find age-related increases in LH concentrations during the 2 mo preceding onset of puberty. They also noticed that LH concentrations were highly variable because of episodic release.
In our experiment, LH release was episodic. Results of Exp. 1 showed that LH release was rhythmic, with an average periodicity of 41.9 rain. This was shorter than the 60-rain average observed in ovariectomized sheep (Butler et al., 1972) and ovariectomized monkeys (Dierschke et al., 1970) , but longer than the 20-to 30-rain periods observed in ovariectomized rats (Gay and Sheth, 1972) .
E2 abolished rhythmicity of LH concentrations and reduced the number of LH pulses between 0 and 4 h postinjection (Exp. 1; table 3), and the postinjection pulses occurred within I h after treatment (figure 1).
In the second experiment, all animals receiving .2 and 2.0 /ag E2/kg BW and one animal receiving .1 /ag E2/kg BW had periods without pulses, followed by pulses with progressively increasing amplitudes (figure 3). One animal receiving .1 /~g E2/kg BW had a short period of suppression without disruption of LH pulses (figure 3). Consecutive nonpulse hours were also observed in animals treated with E2 (table 5) . E2 also reduced the frequency of LH pulses (table 5), suggesting that the reduction in number of LH pulses after Ea was due to nonpulse periods and to reduced frequency of pulses. Goodman and Karsch (1980) reported that, in ovariectomized ewes, E2 blocked pituitary response to gonadotropin releasing hormone (GnRH) and reduced amplitude of LH pulses, but did not influence frequency. They proposed that Ea diminished pituitary response to GnRH, but did not affect frequency of GnRH release from the hypothalamus. Padmanabhan and Convey (1978) suggested that the inhbitory effects of E2 on LH release in female cattle were not due to direct effects on the pituitary, because E2 facilitated, but did not inhibit, GnRH-induced release of LH from pituitary cells in vitro. If the site of action is at the hypothalamic level, then our results suggets that E2 influenced both amount and frequency of GnRH release.
E2 administered to ovariectomized monkeys (Yamaji et al., 1972) appeared to regulate pulsatile release of LH in an "on-off" manner. Although E2 caused an abrupt inhibition of LH pulses in ovariectomized heifers (figure 1), the resumption of pulsatile release was characterized by a gradual increase in amplitude (figure 3). The rapid interruption of LH pulses suggested that E2 might have acted by a means other than gene expression. Since estrogen has been shown to increase cyclic GMP concentrations in uterine cells (Keuhl et al., 1974; Nicol et al., 1974) , it is possible that E2 blocked LH release via direct cytoplasmic action in cells of the hypothalamic-pituitary axis.
In the third experiment, both dose and age influenced duration of LH suppression, but only dose influenced magnitude of suppression. Differences in magnitude of suppression may have been related to the number of target cells influenced by E2. Duration of suppression may have been related to length of time E2-receptor complexes were present in target cells. Cells exposed to larger doses of E2 would have had these complexes present for longer periods assuming that (1) amount of hormonereceptor complex formed was proportional to dose and (2) dissociation rate of the complex was independent of dose. In addition, association and disassociation rates may change with age. The absence of significant effects of dose on magnitude of LH suppression in the first two experiments was probably due to the small number of animals since LH concentrations were quite variable.
Serum concentrations of estrogen (figure 2) in the ovariectomized heifers in Exp. 1 were considerably higher than expected and higher than the concentrations in ovariectomized heifers used in the third experiment (figure 7). Since serum samples were not chromatographed, we could not determine whether the high RIA values were E2. If these amounts of E2 were present, one would expect negative feedback and suppressed concentrations of LH. Concentrations of LH in these heifers were similar to those previously reported for ovariectomized heifers (Forrest et al., 1980) .
The heifers in this study were ovariectomized for several months before the experiment, whereas the heifers in Exp. 3 had been ovariectomized for 2 to 6 wk. It is possible that there are other steroids produced in long-term ovariectomized heifers that crossreact with the anti-E2 serum used in the E2 RIA. The source of this compound is unknown, but the adrenal cortex is one possibility. ~Burdick and Jackson Labs., Inc., Muskegon, MI 49442.
s New England Nuclear, Boston, Mass.
Appendix
Serum concentrations of estrogen were determined by a modified version of the RlA described by England et al. (1974) . Serum samples were extracted with glass distilled benzeneV prior to assay. One-milliliter serum samples were placed in round bottom glass tubes (15 ml) and equilibrated with 2000 cpm 3H-E28 (130 Ci/mM) for 15 min at 20 C. After the addition of 5 ml benzene, tubes were sealed with teflon-lined screw caps and shaken for 30 rain on a platform shaker. The mixture was stored for 20 min at r C. Benzene fractions were then transferred to 12 x 75 mm culture tubes, which were then placed in a water bath (40 C) where benzene was evaporated under a stream of N 2 .
Before RIA, residues were redissolved in 1.2 ml, .01 M phosphate-buffered (pH 7.0) saline solution (.14 M) containing .1% gelatin (PBSgel). Estrogen was assayed in two aliquants of 100 and 500 ~1. The radioactivity of a 100-~1 aliquant was assessed by liquid scintillation spectrophotometry for determination of the recovery of 3 H-E2.
Each assay consisted of four total counts tubes, four total binding tubes (no standard), four nonspecific binding tubes (I:100 normal rabbit serum), three standard curves (2.5 to 4-00 pg Eu/assay tube) and 200 samples (quality control serum pools and unknowns). First antibody 9 (100 #1 of 1:80,000 dilution in 1:100 normal rabbit serum)and t2SI-E2-11a-tyrosine methyl ester (15,000 cpm/lO0 gtl) were added to assay tubes containing standards and sample extracts. The mixture was vortexed and stored at 4 C for 24 h. The ll0e-tyrosine methyl ester of E2 was radioiodinated by the Chloramine-T method described by England et al. (1974) . Second antibody (200 gtl of sheep antirabbit gamma globulin serum diluted to 1 : 30 with .01 M PBS containing .05 M ethylenediamine tetraacetic acid, disodium salt, pH 7.0) was added to all samples and incubated for 6 h at 4 C. Two milliliters of ice cold PBS (.01 M, pH 7.0) was added to all but the total counts tubes before centrifugation for 30 rain (3000 rpm, rotor radius = 22.17 cm, 4 C). The resultant supematant was discarded, and the radioactivities of the remaining antigen-antibody pellets were quantified.
Total binding of iodinated E2 was 25 -+ 3.1% (n = 6). Standard curves were constructed by calculating the regression of log (amount of standard) vs logit (fraction of bound 12s I-E2). The regression was linear (P<.01), with a slope of -1.26 -+ .04 and an intercept of 2.2 -+ .23. Plots of log (volume of aliquant) vs logit (fraction of bound t2s I-E2) for a pool of serum from estrus cows were also linear and parallel to the standard curves.
Concentrations of estrogen in nonchromatographed samples were greater (P<.05) than those in chromatographed samples. Therefore, this system did not permit measurement of E2 without chromatography. Because samples were not chromatographed in this experiment, values were reported as concentrations of estrogen.
The concentration of estrogen in pools of serum from estrus cows was 13.6 -+ .1 pg/ml. Serum from ovariectomized heifers contained 2.65 +-.44 pg/ml. The amount of estrogen in distilled water was less than 1.0 pg/ml. Recoveries of 25, 50, 75 and 150 pg of standard were 111, 97, 99 and 84%, respectively. Recovery of 3H-E2 was 68 -+ .6% (n = 154). The lower limit of detection was .53 -+. 18 pg/tube. Within-and between-assay coefficients of variation for the estrus cows serum were 7.5 and 24%, respectively.
